The endocrine pancreas is organised as islets of Langerhans embedded in the exocrine tissue and is composed of four cell types: beta, a, d, and g cells producing insulin, glucagon, somatostatin and the pancreatic polypeptide (PP), respectively. Gene knockout studies have shown the involvement of a variety of transcription factors in pancreas development. Null mutations of the homeodomain proteins pdx-1 and isl-1 result in pancreatic agenesis and the absence of the islets of Langerhans, respectively [1, 2] . The lack of Beta2, Pax-6, Pax-4, Nk 2.2, and Nk 6.1 affects the organisation of the endocrine pancreas and the number of endocrine cells or both [3±9]. The formation of specific islet cell types can be affected by the absence of any of these factors: no or few glucagon-producing a cells are observed in homozygous pax-6 mutants, whereas pax-4 knockout mice lack beta and d cells; nk 2.2 and nk 6.1 mu-
tants have primarily impaired beta-cell formation. Besides their role in cell differentiation, some of these transcription factors are also involved in the transactivation of pancreatic hormone genes. Pdx-1 interacts with the insulin and somatostatin gene promoters, Beta2 with the insulin and glucagon gene promoters, and Pax-6 transactivates the insulin, glucagon, and somatostatin genes [5, 10±13] . Cell-specific expression of islet hormone genes might therefore be controlled by the restricted expression of selective transcription factors.
The glucagon gene is expressed in the a cells of the endocrine pancreas, the l cells of the intestine and specific areas of the brain [14] . Four DNA elements, G1 to G4, control glucagon gene transcription in the pancreas. G2, G3, and G4 confer islet-specific expression, while G1 restricts glucagon gene expression to a cells [15±18] . Pax-6 is the major transcription factor binding to and transactivating G1; it interacts with G1 both as a monomer and as a heterodimer with the homeodomain protein Cdx-2/3 [19] . However, both proteins are present in all islet cells and the molecular mechanisms by which glucagon gene expression is restricted to a cells is not known. By contrast, several transcription factors such as Pdx-1, Nk 6.1, and Pax-4 specify the beta-cell lineage and their expression is restricted almost exclusively to insulinproducing cells [6, 20, 21] . Interestingly, inactivation of Pax-4 by homologous recombination results not only in the absence of beta and d cells, but also in an elevated number of glucagon-producing a cells which are atypically clustered in the islet core suggesting that Pax-4 could be critical for the differentiation of endocrine cell precursors from a default a type to betatype [6] .
Pax-4 has been shown to act as a DNA binding dependent transcriptional repressor in a Gal4 system [22, 23] and inhibits several islet specific promoters such as the glucagon, insulin and islet amyloid polypeptide (IAPP), and its own promoter in transient transfection studies [22, 24±27] . Pax-4 might therefore be implicated in a-cell-specific expression of the glucagon gene by suppressing glucagon gene transcription in differentiating insulin-producing cells. To test this hypothesis, we ectopically expressed Pax-4 in glucagon producing InR1G9 cells. This cell line was derived from syrian hamster insulinoma cells by single-cell cloning; it retains very low insulin secretion, but releases high levels of glucagon [28] . The expression levels of different transcription factors such as Pax-6, Pax-2 and HNF3 are similar in InR1G9 cells compared with insulinoma cell lines, while the betacell specific transcription factors Pd-1 and Pa-4 are lacking (data not shown). Pax-4 acted as a potent inhibitor of glucagon gene transcription and the acell specific element G1 of the glucagon promoter was sufficient for this inhibition. The mechanism responsible for this inhibition was studied in non-islet BHK-21 cells by cotransfection of Pax-4 with various a cell transcription factors. Pax-4 specifically impaired transcriptional activation of the glucagon gene promoter by Pax-6 and did not interfere with Cdx-2/3 or HNF3 induced transactivation. We show that Pax-4 is able to bind with high affinity to the Pax-6 target sites of the glucagon gene promoter suggesting a competition mechanism of transcriptional inhibition.
Materials and methods
Cell culture and DNA transfection. InRIG9 [28] and BHK-21 cell lines were grown as previously described [19] . BHK-21 and InR1G9 cells were transfected by the calcium phosphate precipitation and the DEAE-dextran method, respectively [29, 30] . We added pSV2A pap to monitor transfection efficiency [31] . Expression vectors contained the rat HNF3a (R. Costa, University of Illinois, Chicago, Ill., USA), hamster cdx-2/3 (M. S. German, University of California, San Francisco, Calif., USA), quail pax-6 (S. Saule, Institut Curie, Orsay cedex, France), and mouse pax-4 cDNA cloned in pSG5 (Stratagene) as well as rat brn-4 (M. A. Hussain, Harvard Medical School, Boston, Mass, USA) and p300 (S. Saule, Institut Curie, Orsay Cedex, France) in pCMV. Reporter plasmids comprised the CAT gene driven by different fragments of the rat glucagon gene promoter (±292GluCAT, ±138GluCAT, G3±138GluCAT, G3±31GluCAT, ±31GluCAT) [18] , the rat insulin I gene promoter (-410InsCAT) [32] , or by the RSV [33] , CMV or TK promoter. G2±31GluCAT was constructed by insertion of an oligonucleotide corresponding to the glucagon gene G2 element (5'gatccaggcacaagagtaaataaaaagtttccgggcctctgc) upstream of the glucagon gene minimal promoter in plasmid ±31GluCAT [18] .
Chloramphenicol acetyltransferase (CAT) and protein assays. Cell extracts were prepared and analysed for CAT and alkaline phosphatase activities as described previously [18, 19] . A minimum of three independent transfections was performed each of them carried out in duplicate.
GST-precipitation. A C-terminally truncated Pax-4 cDNA comprising the paired (PD), linker, and homeo boxes (HD) was amplified with primers PD5': actggatccatgcagcaggaggactc and HD3': actaagcttctgtgcttcccatttcag and cloned in pGEX-4T3. The GST fusion proteins were expressed in E. coli and purified according to the manufacturers' instructions (Amersham Pharmacia, Dübendorf, Switzerland). l-[ 35 S]methionine-labelled Pax-6 isoforms (S. Saule, Institut Curie, Orsay Cedex, France), were generated using the TNT system (Promega/Catalys, Wallisellen, Switzerland) and GST-precipitations were performed as described [19] .
Electrophoretic Mobility Shift Assays (EMSAs). EMSAs were performed using oligonucleotides containing the rat glucagon gene G1 or G3 elements [19] and either nuclear extracts from BHK-21 cells overexpressing Pax-4 or in vitro produced fulllength Pax-6 and Pax-4 proteins. Anti-Pax-4 antibodies were kindly provided by K. Docherty (University of Birmingham, Birmingham, UK). Pax-4 sequences encoding amino acids (aa) 1±135 (PD), aa 168±236 (HD), aa 1±236 (PDHD), and aa 168±362 (HD3') were in pSG5-ATG (pSG5 with oligonucleotide 5'-GAATTCCACCATGGGATCCCGGGAAGCTTG-ACTGACTGAAGA-TCT, containing a Kozak consensus se-quence, inserted into the EcoR1/BamHI sites). To control the in vitro translation efficiency of Pax-6 and Pax-4 with the coupled TNT system (Promega), parallel reactions were carried out in the presence of l-[ 
Results
Ectopic expression of Pax-4 in InR1G9 cells inhibits transcriptional activity of the glucagon gene promoter. Cotransfection of increasing amounts of a Pax-4 expression vector in the glucagon-producing cell line InR1G9 resulted in a dose-dependent inhibition (reaching 60 %) of the basal transcriptional activity mediated by the first 292 bp of the rat glucagon gene promoter. The control construct, RSV-CAT, was not affected (Fig. 1) , indicating that repression is specific to the glucagon gene promoter. To identify the cisacting element mediating the transcriptional inhibition by Pax-4, we used the first 138 bp of the glucagon promoter, which contains the a cell specific element G1 [18] ; a similar dose-dependent reduction of basal transcriptional activity compared to 292 bp was observed. In contrast, Pax-4 did not significantly repress the minimal glucagon gene promoter ±31Glu indicating that its effect was mediated by sequence elements located between position ±32 and ±138 upstream of the transcriptional start site, which include the a-cell specific element G1.
Pax-4 inhibits transcriptional activation by Pax-6. To investigate the mechanisms by which Pax-4 inhibits transcription, we studied the effect of Pax-4 on glucagon gene promoter activity mediated by known a-cell transcription factors in the non-islet cell line BHK-21, lacking the islet specific transcription factors ( Fig. 2A) . A drastic repression was observed in cotransfections with the major glucagon gene transactivator, Pax-6 [19] ; overexpression of Pax-4 resulted in a 90 % inhibition of Pax-6 mediated activation of reporter constructs comprising G1 (-138). Because Pax-6 interacts also with the G3 element, we tested reporter constructs driven by G3 (G3±31) or G1 and G3 (G3±138). A quantitatively similar inhibition by Pax-4 was observed. In contrast, Pax-4 had no effect on Cdx-2/3 or Brn-4 driven activity of the first 138 bp containing the G1 element [19, 34] To assess the specificity of transcriptional inhibition by Pax-4, we analysed its effect on basal glucagon promoter activity. Cotransfection of Pax-4 reduced the basal activity of all tested glucagon gene promoter fragments by 30 to 50 % (Fig. 2B) . Surprisingly, and in contrast to transfections in InR1G9 cells (Fig. 1B) , glucagon promoter inhibition in heterologous BHK-21 cells was even observed with a minimal promoter fragment comprising only the TATA box (-31Glu) suggesting that Pax-4 could in some cell types repress transcription by interactions with the basal machinery. However, in control transfections of reporter constructs driven by strong heterologous promoters such as thymidine kinase (TK), rous sarcoma virus (RSV) or cytomegalovirus (CMV), no significant effect of Pax-4 on CAT activity was observed (Fig. 2B ) indicating a relative specificity of transcriptional inhibition.
Because the strongest activation of the glucagon gene promoter is mediated by Pax-6 (107-fold above basal with G3±138; Fig. 2A ), and Pax-4 reduces Pax-6 driven transcription by 90 %, the major inhibitory effect of Pax-4 on the glucagon gene promoter could be through Pax-6. To assess the mechanisms of Pax-4 mediated inhibition, we analysed the dose-dependent effects of Pax-4 on Pax-6 mediated activation of the glucagon promoter. Because Pax-6 binds both to the G1 and G3 elements, we assessed reporter constructs containing G1 (-138Glu) and/or G3 (G3±31Glu, G3±138Glu). All these constructs were inhibited to a similar extent (Fig. 2C) . To confirm these results in glucagon-producing cells, we cotransfected the same reporter constructs in InR1G9 cells. A quantitatively similar inhibition of basal transcriptional activity was observed with these reporter constructs (data not shown) indicating that repression of glucagon gene transcription by Pax-4 is mediated by both Pax-6 binding sites and that the extent of transcriptional inhibition is comparable in the presence of G1, G3 or both elements. [4, 5, 36] , we analysed the effect of Pax-4 on the transcriptional activation of the insulin gene promoter by Pax-6. The Pax-4 repressed the Pax-6 mediated activity of a CAT construct comprising the first 410 bp of the rat insulin I gene promoter by up to 70 % in BHK-21 cells (Fig. 2D) . Our data thus indicate that the effect of Pax-4 on Pax-6 mediated activation of the insulin and glucagon genes in BHK-21 cells occurs independently of the promoter context. Pax-4 is able to bind with high affinity to the Pax-6 target sites on the glucagon gene promoter. Because Pax-6 and Pax-4 contain two DNA binding domains, a paired domain (PD) and a homeodomain (HD) respectively having 69.5 % and 61.3 % amino acid identity [36±40], a possible mechanism of transcriptional inhibition by Pax-4 could be competition with Pax-6 for DNA binding. We therefore tested the DNA binding properties of in vitro translated Pax-4 and Pax-6 to G1 and G3 (Fig. 3) . All Pax-4 proteins were produced roughly similarly as shown by 35 S-cysteine incorporation (Fig. 3B) . The PD and the PDHD of Pax-4 had a higher affinity for G3 than for G1, whereas Pax-4 HD only interacted with G1. However, no binding could be observed when the Pax-4 C-terminus was present in Pax-4 HD3' (Fig. 3D ). In agreement with this potential inhibitory role of the C-terminus on DNA binding using standard conditions for binding reactions (50 mmol/l KCl, 5 mmol/l MgCl 2 final concentration), relatively weak interactions of full-length Pax-4 with G1 or G3 as compared to Pax-6 were observed in EMSA (Fig. 4A, B) . However, because protein interactions with DNA are known to be affected by the prevailing electrolyte and especially cation concentration [42] , we repeated the EMSA reactions in the absence of KCl in the binding buffer (0 mmol/l KCl, 5 mmol/l MgCl 2 ). Of note, under these conditions, binding activity of both factors was inverted and Pax-4 bound with a higher affinity to G1 and G3 than Pax-6. These results were then confirmed in competition analyses (Fig. 4B) . A 50-fold excess of cold G3 competed better for Pax-4 complexes on oligonucleotide G3 in the absence of KC1 than in its presence. This better relative binding affinity of Pax-4 without KC1 was even more clearly observed in competitions using oligonucleotide G1±56; a 50-fold excess of cold G1±56 was sufficient to reduce drastically Pax-4 binding in the absence of KC1, whereas 200-fold excess was required in the presence of KC1. Omission of KCl to the binding reactions increased the affinity of Pax-4 to the glucagon promoter target sites whereas the opposite was observed for Pax-6. We conclude that, depending on the monovalent cation concentration, Pax-4 is able to bind with higher affinity to the Pax-6 target sites G1 and G3 of the glucagon gene promoter than Pax-6. To test whether native Pax-4 was able to bind Pax-6 target sites, we performed EMSA using nuclear extracts from BH-21 cells overexpressing Pax-4. A specific complex was detected that comigrated with the complex formed with in vitro produced Pax-4 protein and that was recognized by anti-Pax-4 antibodies (Fig. 4C) . To further analyse the binding characteristics of Pax-4 and Pax-6, we mixed both proteins in EMSA reactions without KCl. No heterodimer formation was detected, although increasing Pax-4 protein concentrations diminished the Pax-6 complex (Fig. 4D) . Pax-4 could therefore repress glucagon gene transcription by competition with Pax-6.
Complementation of BHK-21 with coactivator proteins does not compensate for transcriptional inhibition by Pax-4. In addition to competing for binding sites, transcriptional repressors could act by impairing the transactivation properties of positive-acting factors through competition with coactivator proteins. Because Pax-6 has been reported to interact with the coactivator p300 [43] , we tested its effect on transcriptional inhibition by Pax-4 in BHK-21. Cotransfection of p300 had no effect on ±138Glu driven CAT activity in the presence of an empty vector or Pax-4 alone, whereas Pax-6 mediated activation was increased by twofold by p300 (data not shown). However, when increasing amounts of p300 were cotransfected with constant amounts of Pax-6 and Pax-4, transcriptional inhibition by Pax-4 was not compensated for by p300, suggesting that Pax-4 does not impair transactivation by competition for the coactivator protein p300.
The paired domain of Pax-6 is required for interaction with Pax-4. To test if direct protein-protein interactions between Pax-4 and Pax-6 could be implicated in the transcriptional repression by Pax-4, we performed GST precipitation assays using GST-Pax-4 fusion proteins and 35 S-labelled Pax-6 (p46). Pax-6 clearly interacted with Pax-4 since the GST-Pax-4 coated beads (Fig. 5 ) precipitated 14 % of the labelled Pax-6 proteins. Five isoforms of Pax-6 have been identified in the endocrine pancreas: two major proteins (46 and 48 kDa) and three isoforms of lower abundance that lack an intact PD domain (43, 33 , and 32 kDa; Ref. 44 , Fig. 5 a) . We therefore investigated whether these alternative Pax-6 isoforms interact with Pax-4. Similar to Pax-6 p46, the p48 isoform was largely precipitated (14.6 % of input) with GSTPax-4, whereas only weak contacts were detected with p43 and p32/33 (2.2 and 0.4 % of input, respectively, see Figs. 5B, C). Hence, the Pax-6 PD is critical for interaction with Pax-4. We conclude that besides DNA competition, Pax-4 could impair transactivation of the glucagon gene promoter by protein-protein interaction.
Discussion
This study analyses the role of the beta-cell specific transcription factor Pax-4 in the cell specific expression of the glucagon gene. We show that ectopic expression of Pax-4 in a cells represses transactivation of the glucagon gene and that this effect is mediated by the G3 and G1 elements both of which are Pax-6 binding elements. Using the heterologous cell-line Fig. 5 (A±C) . The Pax-6 PD is critical for interaction with Pax-4. A Schematic representation of Pax-6 isoforms present in the endocrine pancreas. The alternative exon 5 a included in pax-6 p48 is indicated by a solid box. B GST-precipitation assay using 10 mg of GST alone or a GST fusion protein containing a c-terminally truncated Pax-4 protein comprising the paired domain, hinge region and homeodomain immobilized on sepharose beads and 35 S-labelled, in vitro synthesized Pax-6 isoforms. The 32 and 33 kDa Pax-6 proteins are generated by the utilization of an alternative AUG start codon in the intervening sequence between the PD and the HD [28] and are coproduced in in vitro transcription-translation assays using expression plasmids encoding Pax-6 p43, p46, and p48 (see input Pax-6). Input, 1 ml of the in vitro translation reaction. C Quantification of protein interactions shown in (B) expressed as precipitation rates relative to the input A B C BHK-21 lacking islet specific transcription factors, we showed that among known transactivators of the glucagon gene, Pax-4 inhibits specifically Pax-6 driven transactivation but does not affect other transcription factors such as Cdx-2/3, Brn-4 or HNF3a. Furthermore, Pax-4 inhibits by 30 % ± 50 % the low basal activity of different glucagon promoter fragments in BHK-21 cells, but not of strong control promoters. Pax-4 has previously been demonstrated in a heterologous system based on the Gal4 binding domain to possess a general DNA binding dependent repressor activity possibly explaining our results in the absence of Pax-6 [22] . This transcriptional inhibition is impaired by the coexpression of a C-terminally truncated form of Pax-4 acting as a dominant-negative protein [27] . However, the absence of Pax-4 binding sites on some of the glucagon promoter constructs suggests that Pax-4 could also, by a DNA-binding-independent mechanism, affect components of the basal transcriptional machinery. Our data thus suggest that Pax-4 exerts a specific transcriptional inhibition of the glucagon gene promoter that is transcription-factor dependent in addition to a more generalized effect on the basal transcriptional machinery.
We show that Pax-4 is able to bind with high affinity to Pax-6 binding sites on the glucagon promoter G1 and G3 elements and that mixing of Pax-4 and Pax-6 proteins in EMSA reactions results in reduced Pax-6 binding. These results suggest that the transcriptional inhibition by Pax-4 could primarily be mediated through competition of Pax-6 DNA binding but do not exclude other mechanisms such as direct protein-protein interaction. Of note, DNA binding affinity of Pax-4 strongly depends on cation concentrations. Under standard EMSA conditions (50 mmol/l KCl, 5 mmol/l MgCl 2 ), the full-length protein exhibited only weak binding affinity for the G1 and G3 elements compared to Pax-6, whereas reduction of the cation concentration (0 mmol/l KCl, 5 mmol/l MgCl 2 ), reversed the binding affinities of both proteins so that Pax-4 interacted stronger with G1 and G3 than Pax-6. Similar observations have been reported using the related zinc finger proteins WT1 and EGR1 or the bHLH protein Deadpan, the binding properties of these proteins varied considerably within the range of physiologically relevant KCl and MgCl 2 concentrations [45, 46] .
In contrast to a truncated Pax-4 protein containing the PD and HD, full-length Pax-4 exhibits only weak binding activity to Pax-6 binding sites of the glucagon, insulin, and somatostatin gene promoter [this study 22] , suggesting that the Pax-4 C-terminus could, under standard in vitro conditions, reduce DNA binding activity of Pax-4. We used modified binding conditions to demonstrate high affinity DNA binding of a full-length Pax-4 protein in vitro. However, DNA interactions of Pax-4 in vivo could be affected firstly by post-translational modifications such as phosphorylation, which alter protein conformation and possibly, as our in vitro data suggest, also by the prevailing cation concentration. In either case, we demonstrated that Pax-4 is able to compete efficiently for Pax-6 binding sites.
Pax-6 and Pax-4 interact in vitro in the absence of DNA and the PD of Pax-6 is required for proteinprotein interaction. The PD is a bipartite DNA binding domain comprising two independent helix-turnhelix motifs, and for Pax-6 it has been shown that both motifs participate in DNA interactions. The 14 amino acid insertion found in the Pax-6 isoform p48 disrupts the 5' helix-turn-helix motif and DNA is therefore recognized only by the 3'motif [47] . Pax-6 p48 mRNA and protein are detected in the endocrine pancreas at similar concentrations as Pax-6 p46 [44] , but no target gene has been identified so far. Pax-6 p48 does not interact with the glucagon gene elements G1 and G3 and has no effect on glucagon gene transcription [B. Ritz-Laser and A. Estreicher, unpublished data], but interacts as strongly as Pax-6 p46 with Pax-4. The 5' motif of the Pax-6 PD could thus be required for DNA binding to G1 and G3 while the 3'motif is thought to be involved in protein-protein interactions with Pax-4. The Pax-6 p48 could therefore play a role in cancelling the inhibitory effect of Pax-4 on Pax-6 by competing with p46 for protein-protein interactions with Pax-4. This contact could then interfere with Pax-6 interactions with co-activator proteins or the basal transcriptional machinery.
Pax-6 contains an unusually long transactivation domain (TAD) suggesting that it could provide interaction surfaces for several cofactors [48, 49] . Synergistic interaction of Pax-6 and Cdx-2/3 with the p300 coactivator has been demonstrated [43] but it is not likely that Pax-4 inhibits Pax-6 mediated transcriptional activation by interfering with p300 binding because Cdx-2/3-induced transcription is not impaired by Pax-4. Moreover, cotransfection of BHK-21 cells with p300 failed to compensate for transcriptional repression by Pax-4.
Pax-4 contains a TAD in its C-terminal region. Its relative activity is, however, more than twofold lower than Pax-6 TAD and inactive in pancreatic islet-cell lines [23, 37] . Moreover, repression domains have been mapped to the Pax-4 HD and C-terminal region [22, 23, 27] but no cofactors mediating this effect have as yet been identified.
In conclusion, Pax-4 could inhibit transcription of the glucagon gene by DNA competition with Pax-6 although other mechanisms such as recruitment of corepressors or protein-protein interactions interfering with DNA binding of Pax-6 or its contacts to coactivator proteins could increase this effect.
Our data suggest that the repression of Pax-6 mediated transcription by Pax-4 could play a role in restricting glucagon gene expression to a cells during pancreas development. The first hormones appearing in the primordial pancreas are glucagon and insulin at embryonic day 9.5 (e9.5), followed by somatostatin around e15 and pancreatic polypeptide (PP) at birth [50] . Co-expression of insulin and glucagon has been reported in the earliest endocrine precursor cells at around e9.5±10. These cells do not, however, seem to constitute progenitors of mature insulin or glucagonproducing cells because two independent lineages give rise to a and beta cells as recent cell lineage studies demonstrate [51] . These earliest hormone expressing cells also develop in Pax-4 or Pax-6 mutant mice, whereas differentiation of mature beta or a cells is impaired in these mice [4, 6] . Pax-6 expression in the endocrine pancreas appears at e9.0 and is critical for a-cell formation during development as well as for insulin, somatostatin, and glucagon gene transcription in adult islets [4, 5, 6] . Pax-4 is detected at around e10.5±11, and we show here that Pax-4 efficiently antagonizes transcriptional activation by Pax-6. We tested this effect using the glucagon gene, a major product of pancreatic a cells, but a similar repression has been observed using the insulin gene [this study , 27] . Nothing is known of the Pax-6 target genes during a-cell development, but because Pax-4 inhibits Pax-6 mediated transcription independent of the promoter context, the appearance of Pax-4 at e10.5±11 could repress not only glucagon gene transcription but also a-cell development which is highly dependent on Pax-6 activation, and allow differentiation of the beta-cell lineage. Because Pax-4 expression decreases during embryonic development and is virtually undetectable after birth [22] , permanent epigenetic changes could be induced during its transient expression which results in the suppression of glucagon gene transcription in adult beta cells as well.
We found that Pax-4 is able to inhibit the Pax-6 mediated insulin gene transcription in non-islet and glucagon-producing cells and a similar, but quantitatively much weaker, effect has recently been described even in insulin-producing cells [22, 23] . Coexpression of Pax-6 and Pax-4 in beta cells occurs during embryonic development until birth [4, 6] when Pax-4 expression is shut down [22] thus preventing a repressive effect on Pax-6 mediated insulin gene transcription.
The silencing of glucagon gene transcription in an a-cell line stably transfected with Pax-4 has been reported recently [24] . In addition, individual Pax-4 positive clones without glucagon gene expression gave rise to solid tumours in rats without modifying plasma glucagon concentrations. These results confirm in an in vivo model our results of transcriptional repression of the glucagon gene by Pax-4. We are currently producing transgenic mice expressing Pax-4 in a cells to investigate the effect of Pax-4 on pancreatic a-cell development and glucagon gene expression. Our results thus constitute a first step in the understanding of the potential role of Pax-4 in glucagon gene expression.
